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This thesis studies residential dc distribution system with primary focus on point-
of-load (POL) converters. The growing number of inherently dc loads, increasing 
penetration of distributed energy resources (DERs) and advancements in power electronic 
converters are some of the reasons to reconsider the existing residential ac distribution 
system. A dc distribution system can achieve higher efficiency by eliminating the ac-dc 
rectifiers and power factor correction stages currently used in most domestic electronic 
appliances. In this thesis, 380V is identified as a suitable voltage level for the main dc 
bus. Safety issues are discussed and common domestic loads are characterized. Two 
common converter topologies – buck and flyback converters are suggested as POL 
converters for heating and LED lighting loads respectively. State-feedback control is 
designed and implemented for buck converter and current mode control of flyback 
converter is implemented. A 500W POL buck converter using state-feedback with 
integral control is designed and tested for heating load applications. Finally a small dc 
distribution system is simulated using the converter models. The response of the system 
is stable under load and line changes.          
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Chapter 1:  Introduction 
DC distribution is quite common in isolated power systems like ships, electric 
vehicles, telecommunication power systems [1], and in small scale power systems like 
motherboard power distribution [2]. In recent years there has been an increasing interest 
in using similar distribution configuration at residential and commercial premises [2]-[8]. 
This chapter discusses the motivation for use of dc distribution in residential locations.  
1.1 MOTIVATION 
Figure 1 shows a modern day residential ac distribution system. The number of 
electronic loads that require direct current at the end stage namely computers, printers, 
portable consumer electronic devices has increased over the years [5], [8]. These loads 
are connected to the ac bus through a rectifier resulting in high harmonic content at the 
input. A power factor correction (PFC) stage is commonly used to reduce this harmonic 
content. The need for two stages increases the cost and reduces the efficiency. AC motors 
in washing machines, dish washers etc. which were traditionally supplied by alternating 
voltage are increasingly using variable speed drives (VSD) to improve the efficiency and 
to better control the speed of motors [2]. These VSDs use an intermediate dc stage for 
controlling the speed of motors as shown in Figure 1. Furthermore the improvements in 
LED based solid-state lighting technology will increase the use of ‘inherently dc’ loads 
[8]. This trend suggests most of the future domestic loads will be using dc at the last stage 
(computers, LED lighting) as well as an input stage to the inverter (VSD). Using an ac 
distribution system in such a case necessitates the use of a rectifier followed by power 
factor correction circuit. Increasing number of intermediary stages before electric energy 
can be used reduces the efficiency of existing ac distribution system. 
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Various technical, environmental and economic reasons have increased the 
penetration of small generation sources like rooftop solar (PV), fuel cells, micro-turbines, 
wind turbines and energy storage in form of plug-in hybrid vehicles, ultra-capacitors at 
the distribution stage [2]. Together these can be termed as distributed energy resources 
(DERs). Although the use of DERs in a home is not yet common, it is predicted to grow 
rapidly in near future [2], [8], so are included in Figure 1. Most of these DERs are dc 
sources while others like micro-turbines, wind turbines generally operate as high-
frequency ac sources and require power electronic converters to interface with the grid. 
Interfacing DERs in an ac distribution system would require the use of dc-ac inverters 
and filters, as shown in Figure 1. These inverters and filters increase the number of stages 
before electric energy can be used thus reducing the overall system efficiency.  
 
Figure 1:  Simplified residential AC distribution system. 
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The interest in using power electronic converters to control the dynamics of 
power systems has grown over the years [2], [11], [25]. As proposed in [2], future 
electronic power distribution system would decouple the dynamics of generation, 
distribution and delivery of electric power achieved by using separate source converters, 
load converters and power distribution converters. These controllable converters are 
usually built-in with current limiting and current monitoring features. The ability to limit 
current can reduce the costs of electromechanical protection devices. Also current 
monitoring is an attractive feature from the perspective of home automation and home 
energy management systems provided appropriate communication protocols between 
converters are developed. Although these power converters can be incorporated in an ac 
system, the features of complete decoupling and reducing protection devices cannot be 
fully achieved in an ac system [2].     
The ubiquity of inherently dc loads, increasing number of dc or power converter 
interfaced DERs and a growing interest in using power converters at generation, 
distribution and delivery stages motivates the use of dc distribution in residential and 
commercial premises.                 
1.2 DC DISTRIBUTION SYSTEM 
DC distribution can be traced back to the early days of electric power generation 
and distribution. One of the earliest power systems, the Pearl Street power station, used 
110V dc for generation, transmission and distribution [9]. With the invention of the 
induction motor and transformers, ac distribution prevailed for residential power systems. 
DC was restricted to isolated and geographically-small load centers like telecom power 
systems and railway applications. As the field of power electronics evolved over time, the 
issue of efficiently converting dc voltages was no longer a compromise. Along with the 
 4 
advances in power electronics, more and more domestic electric loads started using dc 
power. This has rekindled the interest in residential dc distribution. 
Figure 2 shows a residential dc distribution system [3]. In the shown 
configuration, it is assumed the grid still provides ac power. The rectification stage is 
now shifted at the distribution transformer stage thereby eliminating many small rectifiers 
and PFC circuits. The central high power front-end AC/DC rectifier operating at higher 
load is more efficient than several rectifiers operating at partial loading [5]. The 
electronic loads can be interfaced to the dc bus using a dc-dc converter. Heating loads can 
be connected directly to the dc bus as long as the dc voltage is equal to the RMS voltage 
in the ac system. The first rectification stage for ac motors is eliminated as well. 
 
Figure 2: Simplified residential DC distribution system. 
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DC buses allow easier paralleling of different sources than ac buses [7]. AC 
sources require frequency and phase balance along with voltage balance making it 
difficult to parallel multiple DERs in an ac system. Using source converters for DERs the 
output can be made dc thus making it easier to parallel multiple DERs as shown in Figure 
2. The converters for energy storage devices like PHEVs could be designed to have bi-
directional power flow.    
Various load converters are connected to the central dc bus. These load converters 
called point-of-load (POL) converters are able to precisely regulate the voltage at loads. 
This concept is similar to the one found in many distributed power system architectures 
like a computer motherboard power distribution [10]. Multiple POL converters improve 
the overall system efficiency and reduce cost and weight [2]. The dc bus can be allowed 
to have a wider voltage variation simplifying the design of central rectifier (or a dc-dc 
converter if grid supplies dc power). The wider bus voltage variation is also beneficial in 
incorporating energy storage elements like batteries. Using POL converters the loads can 
be dynamically decoupled and would allow load current monitoring enabling built-in 
protection features. 
To realize the full advantages of a dc system the crucial aspects can be identified 
as: 
 Lack of standards and safety concerns 
 Studying the system architecture and system stability issues 
 Designing power electronic converters based on the characteristics of 
loads and local generation sources 
In dc distribution system, point-of-load converters are an important component as 
identified in [2], [3] and [10]. Delivering power efficiently at light loads is particularly 
important in a residential setting as most of the loads are inactive or in standby mode. 
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The POL converters must be designed based on the nature of loads keeping in mind the 
power requirement and dynamic response. This thesis proposes POL converters that can 
be used in a residential dc distribution system.  
1.3 THESIS ORGANIZATION 
The motivation for use of dc distribution at residential level was presented in 
previous sections. A system perspective of dc distribution is discussed in next chapter and 
later the individual point-of-load converters are studied. Chapter 2 surveys the different 
distribution architectures, voltage levels, standards and safety considerations for dc 
distribution. The various household loads are studied and characterized in this chapter. 
Chapter 3 proposes a few simple well known topologies of dc-dc converters that 
can be used as point-of-load converters in a dc distribution system. Control for these 
converters is designed and simulation results are presented. Chapter 4 presents the 
experimental results of one such converter with the designed control system. 
A system level simulation study of the proposed distribution system is presented 
in chapter 5. Various transient scenarios are studied and steady state efficiency results are 
provided.  
Finally, chapter 6 presents the conclusions of this thesis and possible future work 







Chapter 2:  Residential DC Distribution System 
2.1 DISTRIBUTION SYSTEM CONFIGURATION 
Power can be delivered to loads using either centralized or distributed architecture 
[7]. In a centralized architecture all power processing is done in a single stage. The line 
voltage is converted to different load voltages as shown in Figure 3(a). This simplifies 
electromagnetic interference and thermal management issues. However, centralized 
architecture may lead to single point of failure and is not favorable for load expansion. In 
a distributed architecture power is processed over multiple converters. Such architecture 
can have parallel or cascaded structure as shown in Figures 3 (b) and 3 (c) respectively. A 
parallel configuration uses load sharing to improve reliability. Multiple converters are 
paralleled to deliver power to the load. When loads increase, more power converters can 
be paralleled to meet the increased demand. In a cascaded architecture an intermediate 
voltage bus is used and multiple converters located close to load are used to provide 
point-of-load regulation generally resulting in two or more stages. The intermediate bus 
can be allowed to have wider voltage variation. Cascaded configuration can lead to better 
point-of-load regulation, improved dynamic response and improved system efficiency 
[10]. The first stage converters are called line conditioning converters (LCC) while 





























Figure 3: Power distribution architecture (a) Centralized (b) Distributed – parallel 
configuration (c) Distributed – cascaded configuration.  
A cascaded architecture with multiple POL converters is considered here for 
residential dc distribution system. System configuration based on the location of central 
ac-dc rectifier and the need for dedicated ac bus is discussed in [3] and [5]. The system 
studied in [3] discusses European residential distribution while [5] deals with residential 
systems in Korea. The configurations discussed can be summarized as hybrid ac-dc 
system and a dc-only system.       
2.1.1 Hybrid AC-DC system 
As the name suggests this system comprises of both ac and dc buses. AC loads 
can be connected to the ac bus and dc loads to the dc bus as shown in Figure 4. Such a 
configuration makes use of the advantages offered by the dc-only and ac-only systems. 
The disadvantage of using this configuration is two separate bus bars are needed, 
increasing cost and complexity. The increased complexity may affect availability and 













Figure 4: Hybrid AC-DC distribution system. 
2.1.2 DC-only system 
The results from [5] show a dc-only system with dc transmission by the grid has 
highest efficiency followed by dc system with ac transmission. The second case with 
grid-supplied ac power is considered in this work. A central ac-dc rectifier is used to 
provide the required dc voltage as shown in Figure 5. The voltage levels are discussed 
later in this chapter. From a system perspective it is observed that this configuration is 
complementary to the one shown in Figure 1 – the existing ac system. Instead of using 
multiple ac-dc rectifiers, dc-ac inverters are used for powering ac loads. Since it is 
assumed that the number of ac loads in a house is lesser than electronic loads and will 













Figure 5: DC distribution system. 
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The dc-only system is considered in this thesis. The central high power ac-dc 
rectifier is not considered in system studies but is identified an important component of 
such a distribution system. As shown in [5] the light load efficiency of central rectifier 
plays a crucial role in improving the overall system efficiency.  
2.2 VOLTAGE SPECIFICATIONS AND SAFETY CONSIDERATIONS 
2.2.1 Voltage specification 
One of the major hurdles in wide spread adoption of residential level dc system is 
lack of standard voltage specifications. The existing residential ac voltage standard of 
single-phase 120V and split-phase 240V in the United States and single-phase 220V and 
three-phase 380V in Europe has evolved over the years. It is natural that the dc voltage 
standard will also evolve over the next few years as more research is being conducted in 
residential dc distribution systems. Literature studied suggests numerous voltage levels 
based on system requirements and geographical location. The voltage levels are discussed 
in this section. 
A feasibility analysis of four different voltage levels – 325V, 230V, 120V and 
48V was conducted in [3]. Results indicate 325V is suitable for residential distribution 
over longer wire lengths. Low voltages would require lesser protection but losses become 
too high to use these voltages over long distances. Few studies done in Europe suggest 
325V as the bus voltage level [12], [13]. In Europe, ETSI has developed a standard, ETSI 
EN 300 132-3, for dc and ac powered telecommunications and datacom equipment up to 
400V [14].  IEC is currently working on standardization of low voltage dc (LVDC) 
distribution systems up to 1500V dc [15]. Voltages around 400V dc are being studied as 
part of this standardization process [16]. In two different studies done in Korea, [5] and 
[17], 380V was used as the central dc bus voltage level. In US EMerge Alliance, an 
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alliance of industry and research institute members, has developed a 24V dc standard for 
occupied space and 380V dc for data center and building services is under development 
[18], [19]. In [2] two different bus voltages – 380V and 48V were suggested for a dc 
nanogrid. 380V is used because the existing consumer electronics have an intermediate 
380V bus thus rectifier and PFC stage can be bypassed. 48V is considered safe for low 
power electronic loads and is an existing telecom standard. In [6] simulation studies were 
performed for a residential dc distribution system using a 48V bus.  In [20] six aspects 
are considered to evaluate appropriate bus voltage level for telecom power architecture. 
Different voltages were evaluated based on efficiency, energy storage integration, 
component reliability, safety, cost and flexibility. In general higher voltage tends to 
improve efficiency, lower conductor cost and is easier to interface with the grid. 
Meanwhile lower voltage enable easier energy storage integration, improved reliability 
and are generally safer. It is clear that no single voltage can satisfy all the needs and a 
trade-off is required.  
In this work 380V is chosen as the dc bus voltage for residential distribution. The 
choice is influenced by the presence of intermediate 380V bus in modern consumer 
electronic loads and efficiency gains of using a higher voltage level. It is being 
considered as a standard for residential and commercial locations by IEC [15] and by 
EMerge Alliance in the US [18]. Considering the current and estimated rate of growth, 
residential photovoltaic and electric and plug-in hybrid electric vehicles are expected to 
be common DERs in US residences in near future [8], [21]. 380V dc is compatible with 
photovoltaic power systems [22] and is also being developed as a standard voltage for 
fast charging of electric vehicles by SAE International [23] and CHAdeMO, an 
association of 332 industrial members with interests in electric vehicles [24].   
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2.2.2 Fault detection and safety issues 
In [11] fault detection and mitigation is identified as an issue with dc distributed 
power architecture. Due to output current limits of power electronic converters a fault 
cannot be distinguished from full load operation by the upstream line conditioning 
converters (LCC). Sizing the output capacitor based on energy required to trip the 
protection device is a simple way to detect and clear faults in distributed power 
architectures [11]. Another way is to use active protection devices which are built-in the 
converter. In [2] the idea of controlled converters is suggested which are capable of 
current monitoring so built-in overcurrent, overvoltage protection can be realized. This 
reduces the number of slower electromechanical protection devices. However to realize 
the full functionality of such a controller, communication protocols need to be used that 
help communicate the status between two converters. This can be advantageous in 
implementing home energy management systems [25]. Until active protection systems 
are realized, the traditional electromechanical protection devices need to be used. In [3] it 
is shown existing ac low voltage circuit breakers can be used in dc circuits however, the 
ratings should be scaled for a dc current.  
In [26] open series fault are compared in ac and dc microgrids. Open series faults 
may occur due to uncontrollable factors like aging, mechanical stress etc. and under 
controllable conditions like fuses and circuit breakers. The results from [26] show ac arcs 
are extinguished faster than dc. However very high transient voltage overshoots, 2-3 
times the rated voltage, are observed under ac conditions. DC arcs persist for longer times 
(50μs compared to 5μs for ac under constant velocity opening of the connectors) but no 
voltage transient overshoots are observed. The absence of voltage overshoots in dc 
systems favors the use of dc in a system with downstream power electronic converters. 
This is because the transients during fault clearance can damage the components (e.g. 
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MOSFETs, electrolytic capacitors) in downstream converters. The longer duration arcs in 
dc conditions result in higher mechanical stresses in the contacts. To make the system 
reliable and safe, the contact life should be improved when used in dc systems.  
The issues of arcing, overvoltage protection, grounding and other protective 
measures for hazards of dc distribution are being addressed by IEC standards group for 
LVDC distribution [16]. 
2.3 CHARACTERIZATION OF DOMESTIC ELECTRIC LOADS 
The nature of loads is an important feature that must be studied while designing 
point-of-load converters in a distribution system. One of the features of dc distribution is 
independent and optimal design of individual load converters thus improving the overall 
system efficiency. The steady-state analysis, dynamic performance and ripple 
requirement of domestic loads are some of the characteristics that need to be studied 
while designing these converters.  
With growing interest in residential dc distribution, there are a few commercially 
available dc appliances – appliances that are marketed to take a dc input. Some of these 
are surveyed in [21]. Here, however, existing domestic electric loads are studied and 
potential future dc appliances are not considered. The existing loads are characterized 
based on the impedance and power factor they present to the source. A survey of 
common domestic loads is summarized in Table 1.  
2.3.1 Resistive or heating loads 
Heating loads are resistive loads and present constant impedance to the source. 
These are basically used for heating air, water. When switching to a dc system no major 
change is required as only power rating is important. These loads do not require high 
dynamic performance and the ripple requirement is not stringent. Power consumption is 
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from 500W to 1.5kW. The loads can be modeled as a simple resistor based on their 
power rating. This simple resistive model is used later in this work to design point-of-
load converters for heating applications. Examples are toaster, coffee maker, electric 
heating equipment, incandescent lamps etc. Incandescent bulbs have some dependence of 
resistor on the input voltage [27].    







Coffee Maker 1000-1500 
Incandescent bulb 5-200 
Inductive or Motor 
Fans 10-50 
Washing machine 1000-2000 
Dish washer 1000-2000 
Vacuum cleaner 1000-2000 
Constant Power or 
Electronic 
Laptop 50-100 
Desktop computer 100-200 
Lights with 
electronic ballast 




electronics   
5-10 
Television sets 150-250 
2.3.2 Inductive or motor loads 
Induction motors are commonly used in many home appliances. Induction motors 
in washing machines and dish washers that use variable frequency drives must be 
interfaced using dc-ac inverter for speed control. The required dynamic performance for 
 15 
inductive motors can be obtained using the dc-ac inverter. Universal motors in electric 
fan, vacuum cleaner etc. do not require an inverter and can be directly connected to the dc 
bus [3]. Motor loads being inductive have a low power factor and in some cases power 
consumption is higher because of the presence of a high resistor. The interest in dc 
distribution systems has resulted in growth of dc appliances like air conditioning 
equipment, refrigerators and fans [21], [28]. 
2.3.3 Constant power or electronic loads 
These are the naturally dc appliances and do not draw much power compared to 
other two categories. Being dc these loads presently use ac-dc rectifier and have high 
harmonic content. A power factor correction stage is included to reduce the harmonic 
distortion. The growing number of such loads is a primary reason to shift towards dc 
distribution. Some of these appliances would require uninterruptible power supply (UPS) 
for continued operation. Most of these loads consume constant power [27] and would 
require better transient performance than previous two categories of loads. The 
appliances included are all data handling equipment like computers, printers and chargers 
for portable consumer electronic devices. Lamps with electronic ballasts are also included 
in this category.  
The constant-power loads (CPL) result in stability issues to the main bus. The 
destabilizing effect arises from negative impedance instability and can cause large 
voltage oscillations or voltage collapse of the central dc bus [29]. The instantaneous 
constant-power nature presented by POL converters to the upstream line conditioning 
converters may destabilize the system as identified in [29]. Solutions based on hardware 
modifications like adding resistors, filters and energy storage elements to the main bus 
and load shedding can stabilize the converter at additional cost with lower efficiency. Use 
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of linear controllers and geometric controllers is more practical without compromising 
efficiency [29]. The constant-power electronic loads can cause destabilizing effect on the 
POL converter supplying power to the electronic load. This makes the design of POL 
converter for electronic loads important from the perspective of system stability. 
Strategies discussed in [29] should be considered while designing such POL converters.        
LED based solid-state lighting has gained significant momentum over the past 
few years. These lights are dc loads and require power electronic drivers to improve the 
efficiency and for light dimming. In an ac system these loads require an ac-dc rectifier 
followed by PFC stage similar to other electronic loads. However in a dc system LED 
lights can be interfaced using a single POL converter. 
For room lighting purposes, LED lamps are arranged in a matrix of series and 
parallel individual diodes. Depending on the configuration, the voltage requirement is 
typically 12V – 48V and current is 350mA – 2000mA.  The power rating is about 20W -
80W [30].  
LEDs behave as a constant voltage source with low equivalent series resistance 
[31]. An accurate electrical model for the LED around the rated current is shown in 
Figure 6 [32]. Vled is the forward voltage drop of all individual led connected in series. 





Figure 6: Simple model for LED lighting loads, from [32]. 
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The system configuration, voltage level, safety measures and load 
characterization were studied in this chapter. The next chapter studies point-of-load 





















Chapter 3: Point-of-load Converters 
The residential dc distribution considered here is distributed power system with a 
central 380V dc bus. In distributed power system architecture, point-of-load converters 
are located close to loads. The central bus (380V) which is the input bus to POL 
converters can be loosely regulated whereas the output of POL converters is tightly 
regulated [10].  
In this work the central 380V bus is chosen to have a ±10% regulation. This value 
of regulation is chosen considering the incorporation of energy storage elements like 
batteries in future residential dc distribution systems. Although there are a few promising 
battery technologies like lithium-ion, nickel-cadmium, nickel-metal-hydride etc. low 
costs and low maintenance requirements make lead-acid batteries the most common 
choice [21]. Lead-acid battery banks consist of individual battery cells with each cell 
operating at nominal 2V. These cells are connected in series to obtain desired battery 
bank voltage based on system requirements. To avoid rapid battery aging due to sulfation 
of the battery electrode plate, lead-acid batteries should not be discharged below 1.75V 
and must be kept charged at a float voltage above 2V (around 2.2V) [33]. The battery cell 
voltage must be kept within ±10% of its nominal value (1.8V – 2.2V). Other battery 
technologies also have typical minimum and float voltage requirements which would fall 
within the ±10% variation considered for lead-acid batteries. So the central 380V bus is 
selected to have ±10% regulation. The wider regulation also simplifies the design of 
upstream ac-dc rectifier in ac powered grid or upstream dc-dc converters in dc powered 
grid. On the other hand, the output of POL converter is tightly regulated and generally 
depends on the load connected at its output. For heating loads the performance is not 
critical so output is regulated to ±1% under dc conditions.      
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In most cases the voltage needs to be stepped down and as such buck converters 
are a natural choice. In cases where low voltages are required like LED lighting 
(generally ~24V) transformer coupled topologies will be needed to avoid issues with very 
low duty cycles. Two converter topologies – a buck converter and a flyback converter are 
suggested in this chapter. The control for converters is designed and simulation results 
are presented. Experimental results are discussed in next chapter.    
3.1 BUCK CONVERTER 
It is the simplest topology to obtain a voltage lower than input voltage. The output 
voltage level is chosen based on the loads connected. Figure 7 shows the buck converter 
connected to the dc bus with voltage E and supplying Vout to a resistive load. Switches, 












Figure 7: Buck converter. 
The MOSFET M1 is switched on for a specific time (ton) during its switching 
period (T) during which energy is stored in the inductor. For the remaining period, the 
diode D1 conducts and energy stored in inductor is delivered to the load. In steady state 
the output and input voltage are related by (1). D is the duty cycle.  
{
                
   
   
 
                         (1) 
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3.1.1 Linearized small-signal model of buck converter 
Switching converters are non-linear circuits. Various models have been developed 
to describe the small-signal behavior with linear equations [31]. Such models are useful 
in designing closed-loop control for the converter. In this section a state space model is 
developed. Based on this model a state-feedback based control is designed.  
Figure 8 (a) shows the configuration of buck converter of Figure 7 when M1 is on 
and Figure 8 (b) when M1 is off. The inductor current,   ( ), and voltage across the 
capacitor,   ( ), are used as the state variables. It is assumed the converter is in 
continuous conduction mode (CCM) which implies (2).  
  ( )                     (2) 
The switching function for M1 q(t) is defined as follows, 
 ( )  {     
                    
                   




















Figure 8: Circuit topology during (a) ton i.e. q(t) = 1 and (b) during toff i.e. q(t) = 0. 
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Combining the circuit topologies of Figure 9 and using the switching function 
q(t), the switched model dynamics for buck converter are shown in (4)  
{    
 
   
  
  ( )     
 
   
  
      
  
 
                                            (4) 
q(t) is a non-linear function making (4) a set of non-linear differential equation. A 
linear operator called fast average operator as defined in (5) can be used to transform the 
switched equations to average equations shown in (7) [34]. T is the switching period of 
the converter. The fast average operation on switching function q(t) yields the average 
switching function  ̅( ) as shown in (6) 
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̅                                             (7) 
In equilibrium the rate of change of state is zero. Thus the equilibrium points can 
be obtained by equating LHS of (7) to zero and are shown in (8). 
{    
       
      
   
 
  
   
 
                                                  (8) 
Let δx1 and δx2 be the small perturbations around the equilibrium points defined 
in (8).  δd and δE are the perturbations in equilibrium duty cycle and the input voltage. 
Using these in (7) gives (9) 
{    
 
 (       )
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
  
 (  ̅̅̅̅    )(    )   (       )
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
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(       )
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                   (9)   
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Simplifying (9) and using (8) we have the small signal differential equation given 
in (10), [34]   
{    
 
    ̅̅ ̅̅ ̅
  
   ̅̅̅̅            ̅̅ ̅̅ ̅
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                        (10)   
The complete state-space representation of the small signal model is shown in 
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The circuit with non-idealities is shown in Figure 9. The non-idealities included 
are on-resistance of MOSFET (RON), dc resistance (DCR, RDCR) of inductor and 
equivalent series resistance (ESR, RC) of output capacitor. For simplicity the on-



























Figure 9: Circuit topology including non-idealities during (a) ton i.e. q(t) = 1 and (b) 
during toff i.e. q(t) = 0. 
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The switched dynamic equations for the circuit of Figure 10 are given in (12) 
{    
 
   
  
  ( )     (        )       
 
   
  
      
    
 
                  (12) 
The output voltage,     , is related to the state variables by (13). 
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Using the linearization technique used previously for ideal buck converter, the 
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Using this model the open loop response of buck converter is simulated with 
MATLAB. The output voltage is shown in Figure 10. Parameters used for simulation and 
experiment are shown in Table 2. Initial simulations were done using a switching 
frequency of 100 kHz considering a smaller inductance and output capacitor. However 
experimental verification became difficult at 100 kHz because of transient issues with the 
MOSFET driver arising from parasitic elements so a lower frequency of 50 kHz was 




Table 2: Parameters used in simulation of buck converter. 
Parameter Value Unit 
E 380 V 
Vout 100 V 
L 640  μH 
C 20 μF 




RON (MOSFET on 
resistance) 
290 mΩ 









Figure 10: Open loop response of state-space average model. 
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3.1.2 State feedback control of buck converter 
A robust controller can be designed using state-feedback control with reference 
tracking. Such a controller is robust to disturbances as well as modeling inaccuracies. 
[35]. In this section a state feedback controller is designed for the linearized model of the 
buck converter from previous section. 
Voltage mode control is a commonly used technique in control of buck 
converters. In this technique a saw-tooth signal is compared with a reference signal Vref to 
obtain the duty cycle during each switching period. The perturbation in duty cycle δd is 
proportional to the perturbation in reference voltage δvref as shown in (16) where D and 
Vref are the equilibrium points for duty cycle and reference voltage respectively [31]. 
    
 
    
                 (16) 
  Here for simplicity it is assumed there is no perturbation in line voltage i.e.    
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          (17)    
The states are inductor current and capacitor voltage. Input to the system is δvref. 
(18) is the short hand notation for (17) 
{    
   ̇             
              
                      (18)    
A full state feedback controller with arbitrary pole locations can be designed if the 
system is controllable [36]. In this case the rank of controllability matrix (=2) is same as 
the number of states (=2) so the system is controllable. Thus the system described in (17) 
can be controlled using full state feedback shown in (19) 
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{    
        (
   
   
)
   (    )
                                          (19) 
Applying state feedback to (18) gives, 
{    
   ̇  (    )    
       
                   (20)    
The closed loop poles of (20) are based on the elements of K. Thus a desired 
response can be obtained by using pole placement technique. The closed loop system is 
shown in Figure 11 and the output response is shown in Figure 12 (a). A simple state 
feedback control is basically a proportional control and leads to a steady-state error as 
shown in Figure 12.  
 
Figure 11: State-feedback control of buck converter. 
To achieve zero steady-state error and to make the system immune to changes in 
input voltage and other disturbances, an integral control is needed. The integral control is 
designed based on the method discussed in [37]. In this method the error between 
reference output and the actual output is used as a new state p as defined in (21). Y is the 
equilibrium point of output voltage and Yref is the output reference voltage. Both are the 
same quantities so p is the integral of perturbation in output voltage. 
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Figure 12: Circuit simulation of closed loop buck converter (a) output voltage with 
steady-state error (b) output voltage with a 5% step change in input voltage. 
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Including the change in input voltage δE as a disturbance input, (18) can be 
written as, 
{    
   ̇               
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In matrix form,  
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(26) is similar to (18) with a new state z. Again a row vector of constant gains K can be 
designed using pole placement technique to obtain the desired response. In (27) K has as 
many elements as states and can be partitioned in K1 and K2. K1 is a row vector of two 
elements corresponding to the feedback gains of two states and K2 is the gain of the 
integral of output perturbation.   
{    
      
            
     (      )    (     )
          (  )    ∫ (  )  
 
 
                  (27)    
Thus a proportional state feedback with integral control is designed. The closed 
loop system with integral control is shown in Figure 13.  
As suggested in [36] closed loop poles can be selected as the poles of the Bessel 
filter of the same order. This is because step response of such a filter does not have an 
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overshoot. So the poles can be selected based on the desired settling time. Using the 3rd 
order Bessel filter and a settling time of 0.24msec the pole locations are {-1.9721e4, -
1.5617e4±i1.4899e4}. The MATLAB place command is used to generate the gain vector 
K. The simulation results of buck converter with state feedback and integral control are 
shown in Figure 14.  
 
Figure 13: State-feedback with integral control of buck converter. 
As seen in Figure 14, there is no steady-state error in the output voltage. Also the 
output voltage settles to 100V after a 10% step change in the input. A feed-forward gain 
from Vref is added to improve the transient performance. Compared to the open loop 
response of Figure 10, no overshoot in the output voltage is seen in Figure 14.   
Such a buck converter can be used as POL converter to provide different voltage 
levels. Since the inductor current is used as a state variable the load current can be 
monitored and appropriate over current protection features can be incorporated using this 
control technique. As discussed in section 2.3.1 heating loads can work satisfactorily 
when they are powered by dc voltage equal to the RMS value of existing ac voltage. In 
the next chapter, experimental results for a buck converter implemented as a POL 
converter for heating loads are presented.  
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Figure 14: Circuit simulation of closed loop buck converter with integral control (a) 
output voltage without steady-state error (b) output voltage with a 10% step 




3.2 FLYBACK CONVERTER 
3.2.1 LED drivers 
LED based solid state lighting (SSL) in ambient illumination is increasing due to 
the benefits of higher efficiency and longer life-times [31]. LEDs are commonly arranged 
in matrix of parallel and series connected diodes. Usually these are operated at low 
voltages (12V – 48V) [30]. Using a buck converter in this case would require a very low 
duty cycle for example to obtain 24V output from a 380V bus, the duty cycle needs to be 
6.3%. Lower duty cycle compromises the efficiency and in cases where higher switching 
frequency is used requires fast switching MOSFET which increases the cost. So isolated 
converter topology is preferred POL converter for LED lighting loads in residential dc 
distribution system.  
The effect of output current waveform on luminous efficiency of LEDs is 
discussed in [38]. The results show highest efficiency is achieved when the LED current 
is pure dc. DC current superimposed with a small ripple yield similar performance. Thus 
pulse width modulated converters are a good choice to drive LED loads. 
In [39] it is suggested that to keep the driver cost low and to extend the driver life-
time the output capacitor used in power converters should be removed. These reasons, 
although compelling, do not justify the loss in efficiency caused by pulsating nature of 
LED current. 
Flyback converter is a commonly used transformer coupled topology. It is very 
efficient for power levels below 100W [39]. The flyback converter is suggested as the 
POL converter for LED lighting loads. The converter and its control are discussed in the 
next section.   
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3.2.2 Flyback as POL converter for LED lighting loads 
Figure 15 shows a typical flyback converter. The topology is derived from the 
buck-boost converter. The magnetic device, T, shown as a transformer in Figure 16 is not 
an actual transformer but two coupled inductors. The device is sometimes referred to as 
the flyback transformer. Unlike the ideal transformer, current does not flow 
simultaneously in both the windings. When M1 is on energy is stored in the first winding. 
This puts D1 in reverse bias and does not conduct. The energy stored in output capacitor 
is transferred to the load during this period. When M1 is off, to maintain constant 
magnetic flux in the coupled inductors, the voltage across the windings reverses polarity. 
Thus D1 is now forward biased and the energy from the coupled inductors is transferred 










Figure 15: Flyback converter. 
A state-space model of the flyback converter is developed. In this analysis, the 
flyback transformer can be modeled as an ideal transformer with same turns ratio in 
parallel with magnetizing inductance (LM) as shown in Figure 16 (a) [40]. The turns ratio 
for the ideal transformer is N1:N2 = 1:n. The state variables are current through LM called 
the magnetizing current, x1, and voltage across the output capacitor, x2. The switching 
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function q(t) that is used to control M1 is same as defined in (3). The circuit elements are 



































Figure 16: Flyback converter (a) with transformer equivalent circuit (b) when q(t)=1 




The dynamic equations describing the circuit in Figure 16 (b) and (c) are shown in 
(28) and (29) respectively.  
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Using the switching function the above equations can be combined to give (30) 
where q’(t) = 1 –  q(t)  
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The approach used to obtain the small-signal model of buck converter can be used 
to obtain the small-signal model of the flyback converter shown in (31). The average 
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The open loop circuit response is shown in Figure 17. The parameters used in 
simulation are summarized in Table 3. LED drivers are usually designed to have a 
smaller size with drivers located behind the LED strings to keep the thickness of LED 
lamp minimum [38]. To reduce the size of driver, higher switching frequency of 100 kHz 
is used in the simulation. The LED equivalent model shown in Figure 6 is used as the 
load for this simulation. The simulation is performed using SimPowerSystems tool from 
MATLAB and the circuit shown in Figure 16 (a) is used.   
Table 3: Parameters used in simulation of flyback converter. 
Parameter Value Unit 
E 380 V 
Vout 24 V 
LM 2400  μH 
C 32 μF 
RLED 0.8 Ω 




n (turns ratio 
of flyback 
transformer) 
36/380 -  







Figure 17: Open loop response of flyback converter. 
The first state variable for this converter namely the magnetizing current is not 
physically measurable. This makes the use of state-feedback technique complicated for 
the flyback converter. However control of flyback converter is widely studied topic [31], 
[40], [41] and there exist commercially available ICs to serve this purpose. As discussed 
in section 3.2.1 current mode control is preferred control technique for converters used as 
drivers for LED loads. There are numerous studies [32], [39], [42] and [43] 
demonstrating the use of current controlled flyback converter as a LED driver. In all 
cases the input to the flyback was rectified line voltage. In this work the flyback 
converter is connected to the high voltage dc bus.  
Peak current mode control (PCMC) of flyback converter has problems like poor 
noise immunity, lesser accuracy and sub-harmonic oscillations for duty ratio greater than 
0.5 [41]. Also for a flyback converter using PCMC, the inductor current is controlled 
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which is not the same as output current. Average current model control (ACMC) 
overcomes the problems of PCMC and can control the output current of the flyback 
converter [40]. The ACMC of flyback converter is shown in Figure 18. Here, G and H 























voltage controlcurrent  control
Figure 18: Average current mode control of flyback converter. 
The outer voltage loop tracks the changes in output voltage and is used to 
generate a current reference Iref to control the output current. Both the voltage and current 
controller are generic PI control. The load used is the equivalent model for LED with    
VLED and RLED parameters shown in Table 3.  
The closed loop response of the converter is shown in Figure 19. As seen in the 
figure the output voltage has very low ripple as the LED load acts as a constant voltage 
load. Thus the output capacitor can be reduced or completely removed. However, the 
capacitor also keeps the output current ripple to a low value which is important for 
efficient performance of the LED. The output current is 0 initially because of the ideal 
diode used in the equivalent model of LED. Once the output voltage reaches 24V, current 
starts to increase. Output current has a ripple of ~180mA. 
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In this chapter, two basic converter topologies were suggested as POL converters 
for heating and LED lighting loads. Their control was discussed and simulation results 
were presented. These converter simulation models are used in simulation of a residential 
dc distribution system. The next chapter presents experimental results of the closed-loop 
buck converter for heating loads.  
 




Chapter 4: Experimental Results of POL Buck Converter 
The buck converter control discussed in section 3.1.2 is implemented as a POL 
converter for heating loads. Domestic heating loads are usually rated in the range of 
500W – 1500W. Here, a 500W buck converter is designed for heating loads. The results 
are discussed in this chapter.  
The 380V dc bus is simulated using Magna-power electronics XR series dc power 
supply. The output voltage level selected is 100V.  The converter parameters are shown 
in Table 2. The inductor is designed using toroidal core T300-26D from Micrometals. 
High voltage N-channel MOSFET 17N80C3 from Infineon is selected as it has low on-
resistance. IRS2110 is used to drive the MOSFET. RHRP1560 diode is used for the 
freewheeling diode in buck converter and also for bootstrapping circuit of the driver. The 
resistive load is simulated using programmable electronic load – Chroma 63804. Two 
electrolytic capacitors in parallel, each with an ESR of 9.4Ω at 100Hz, are used as output 
capacitors. Op-amps LM258 are used as buffers, gain amplifiers for state-feedback gains 
and for integral control. ICL8038 is used to generate the reference waveform and 
comparator LM393 is used to generate the PWM input signal for MOSFET driver. A 
10mΩ shunt resistor is used to measure the inductor current.   
Figure 20 shows the ripple in output voltage (Vout) and inductor current (IL) at full 
load and half load. At rated load current, the ripple in output voltage is about 1% of the 







Figure 20: Ripple in output voltage and inductor current when load current is (a) 5A (b) 
2.5A. 
Figure 21 shows the response of the converter to load changes. When load 
increases from 2.5A to 5A, undershoot of 18V is seen in the output voltage and output 
settles to 100V in 5ms. On load release of equal magnitude overshoot of 24V is seen with 
output settling to 100V in 5ms. The transient performance is not critical for heating loads 







   
(a)     
  
(b) 
Figure 21: Response of converter due to step change in output current (a) from 2.5A to 
5A (b) from 5A to 2.5A. 
Line regulation is important for POL converters because the central dc bus is 
allowed to have wider voltage variations. The simulations showed stable behavior for 
±10% change in input voltage. Figure 22 shows line regulation of the converter for -10% 
and +5% changes in bus voltage. The dc power supply used in experiments had a 












Figure 22: Response of converter to changes in line voltage (a) E reduced to 342V (b) 
E increased to 400V. 
Figure 23 shows the efficiency of the converter over load range and at different 
bus voltage levels. The maximum efficiency at nominal bus voltage of 380V is 88.02% 
observed at full load. The efficiency measurements included the losses in input capacitor. 
The prototype POL converter has lower efficiency compared to commercially available 






parasitic losses. Slight improvements in efficiency can also be realized by using one of 
the lossless current sensing techniques discussed in [44].       
 
Figure 23: Converter efficiency over load range and at different bus voltage levels. 
The converter has an efficiency of 65% at 20% of rated load. As stated in earlier 
discussions, light load efficiency is an important parameter for POL converters in 
residential distribution systems. Pulse-skipping and other variable frequency control 
schemes need to be studied and implemented for POL converters to improve light load 






























Chapter 5: System Simulation Results 
Using the converter simulation models, a residential dc distribution system is 
simulated using the SimPowerSystems toolbox in MATLAB. The simulated system is 
shown in Figure 24. A direct 380V dc connection from utility is assumed so central ac-dc 
rectifier is not considered in this simulation. The wire is considered to have an inductance 
of 10μH and a resistance of 5mΩ. The input filter for each POL converter consists of 
10μH inductor with a resistance of 5mΩ and a capacitor of 1400μF with ESR of 5mΩ. 
Three different POL converters are used in simulation. POL1 is a buck converter for 
heating loads with 100V output. POL2 is the flyback converter for LED lighting loads 
with 24V output. POL3 is a 48V buck converter for consumer electronic loads like TV, 
computers etc. The control for POL3 is same as that for POL1 discussed in section 3.1.2. 
Non-idealities in the converter components are included in simulations. The heating load 
is simulated as a constant resistor while the LED model shown in Figure 6 is used at the 
output of POL2. The electronic load is simulated as a constant resistor with a current 
source in parallel.     
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Figure 24: DC distribution system with POL converters. 
The response during start-up is shown in Figure 25. A slight overshoot is seen in 
the outputs of POL1 and POL3 converters. The settling time for the buck converters is 
4ms while for the flyback converter is 1ms.  
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Figure 25: Output voltage of the POL converters. 
Figure 26 shows the transient performance of the converters due to a 10% step 
change in the input voltage. The line regulation of POL converters is important as it 
allows for the high voltage bus to have wider variation. In this work the 380V dc bus is 
allowed a deviation of ±10% i.e. 342V – 418V. Figure 27 shows the voltage when 
electronic load at the output of POL3 converter increases from 5A to 10A at 1A/μs. The 
voltage drops by about 25% and settles to its nominal value in 3msec. The transient 
performance can be improved by adding additional output capacitors or by using 




Figure 26: Voltage response after 10% step change in bus voltage. 
 
Figure 27: Output of POL3 converter after load increase of 5A at 1A/μs. 
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The steady state efficiencies of the converters are sowed in Table 4. The 
efficiency measurements include the losses in input filter of each converter. The 
efficiencies are on the lower side and can be improved by using better devices.  








POL1 86.89 100 Heating load 
POL2 83.03 24 
LED lighting 
load 
POL3 82.71 48 
Electronic 
load 
A residential dc distribution system with 3 POL converters was simulated and the 
results are as expected. The POL converters have stable response for changes in load and 
for changes in the bus voltage. The efficiencies at full load are relatively low and can be 
improved. The efficiency under light loading conditions needs to be improved by using 











Chapter 6: Conclusions 
The growth of inherently dc loads, interest in incorporating distributed energy 
resources (DERs) at consumer premises and advancements in power electronic converters 
are major reasons to reevaluate the existing residential power distribution system. This 
thesis has studied residential dc distribution system with primary focus on point-of-load 
(POL) converters in such a distribution system. The feasibility and effectiveness of dc 
distribution at small scale such as computer motherboard systems, ships, airplanes, 
telecom centers and data centers has already been demonstrated. This work suggests 
expanding it to homes to improve the efficiency of residential power distribution. In a dc 
distribution system, the dc loads can be connected to the central bus through single stage 
dc-dc converters thus reducing power loss in intermediate stages like PFC. Future DERs 
can be easily paralleled to provide local generation and short-term energy storage.  
A distributed cascaded architecture is suggested as a suitable candidate for 
residential dc distribution system. Such architecture allows for improved efficiency and 
better voltage regulation at the point-of-load. The lack of voltage standard for the central 
voltage bus and safety concerns are identified as major issues in wide spread adoption of 
dc distribution systems. A 380V dc bus is considered in this study as it is an intermediate 
voltage level in most of existing electronic components and allows for cost savings from 
smaller conductor size. Literature studied suggests the safety from an electric arc in dc 
system is not an immediate problem however; it is important considering the reliability of 
electric contacts and connectors.   
Common domestic loads are surveyed and characterized. These are classified as 
heating, inductive and electronic. Heating loads are modeled as a resistor and used in 
simulation and experiments. Some of the electronic loads act as constant power loads and 
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introduce instabilities in the system in form of large oscillations or voltage collapse. 
Stabilizing controllers must be designed for converters supplying electronic loads to 
avoid instabilities. LED load is modeled as a voltage source with series resistance in 
simulation studies. A POL buck converter for heating loads with state-feedback and 
integral control is tested and successfully implemented. The prototype converter has an 
efficiency of about 88% at rated load which can be further improved. Since majority of 
the domestic loads operate at low load or are in standby mode, the light load efficiency of 
POL converters is an important parameter that must be considered in future work.  
Using the simulation models of POL converters a small dc distribution system is 
simulated using MATLAB. Heating, LED lighting and electronic loads are used in the 
simulation. The results show stable performance of the converters in presence of line and 
load changes. The efficiencies including losses in input filters are in the range of 82% - 
87%.   
In future work a system considering various other loads can be designed and 
implemented. Source converters for DERs and bi-directional converters for energy 
storage devices can be incorporated along with grid side ac-dc rectifier. The POL 
converters act as constant power loads for these upstream converters and this makes the 
study of control of upstream converters important from the perspective of system 
stability. Appropriate fault detection and mitigation techniques must be included for safe 
operation. Efficiency of POL converters at light load can be improved using variable 
frequency and other control techniques. The POL converters can be used for current 
monitoring and overcurrent protection eliminating the need for passive electromechanical 
protective devices. Active protection schemes can be realized by using alert mechanisms 
and other communication protocols between the source and load converters.  
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